Norton KN, Badrov MB, Barron CC, Suskin N, Heinecke A, Shoemaker JK. Coronary artery disease affects cortical circuitry associated with brain-heart integration during volitional exercise. J Neurophysiol 114: 835-845, 2015. First published May 13, 2015 doi:10.1152/jn.00008.2015.-This study tested the hypothesis that coronary artery disease (CAD) alters the cortical circuitry associated with exercise. Observations of changes in heart rate (HR) and in cortical blood oxygenation level-dependent (BOLD) images were made in 23 control subjects [control; 8 women; 63 Ϯ 11 yr; mean arterial pressure (MAP): 90 Ϯ 9 mmHg] (mean Ϯ SD) and 17 similarly aged CAD patients (4 women; 59 Ϯ 9 yr; MAP: 87 Ϯ 10 mmHg). Four repeated bouts each of 30%, 40%, and 50% of maximal voluntary contraction (MVC) force (LAB session), and seven repeated bouts of isometric handgrip (IHG) at 40% MVC force (fMRI session), were performed, with each contraction lasting 20 s and separated by 40 s of rest. There was a main effect of group (P ϭ 0.03) on HR responses across all IHG intensities. Compared with control, CAD demonstrated less task-dependent deactivation in the posterior cingulate cortex and medial prefrontal cortex, and reduced activation in the right anterior insula, bilateral precentral cortex, and occipital lobe (P Ͻ 0.05). When correlated with HR, CAD demonstrated reduced activation in the bilateral insula and posterior cingulate cortex, and reduced deactivation in the dorsal anterior cingulate cortex, and bilateral precentral cortex (P Ͻ 0.05). The increased variability in expected autonomic regions and decrease in total cortical activation in response to the IHG task are associated with a diminished HR response to volitional effort in CAD. Therefore, relative to similarly aged and healthy individuals, CAD impairs the heart rate response and modifies the cortical patterns associated with cardiovascular control during IHG.
cortical autonomic network; coronary artery disease; handgrip exercise; compensation hypothesis CORONARY ARTERY DISEASE (CAD) increases risk of stroke, cognitive impairment, and autonomic dysregulation (Barekatain et al. 2014; Martins et al. 2006; Roberts et al. 2010; Zulli et al. 2008) . In turn, impaired autonomic outcomes of CAD include diminished parasympathetic modulation of heart rate (HR) (Ford 1999; Mancia et al. 1991; Seals et al. 1994) . Moreover, adverse outcomes in autonomic cardiovascular control may exacerbate the disease pattern through tissue damage and diminished ability to affect rapid HR adjustments in response to stress and, thereby, limit the benefits that can be derived from exercise rehabilitation.
A role for the forebrain and brain stem in cardiac autonomic function has been established in both experimental studies in rodents (Cechetto and Chen 1990; Yasui et al. 1991) and clinical studies in patients with stroke or epileptic seizures in the prefrontal cortex (Cheung and Hachinski 2000) . Recently, neuroimaging techniques have enabled investigation into a network of cortical regions associated with the autonomic nervous system and cardiovascular control in conscious humans (Basnayake et al. 2012; Cechetto 2014; Critchley et al. 2000; Gianaros et al. 2004; Macey et al. 2012; Norton et al. 2013; Shoemaker et al. 2015; Williamson 2010) . These regions include the bilateral insular cortexes (IC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), thalamus, medial prefrontal cortex (MPFC), and hippocampus (HC). Importantly, the combined results indicate close homology between cortical sites identified experimentally in lower animals and those observed in humans (Cechetto 2014) . These experimental studies indicate that the IC, MPFC, and HC are of particular relevance to HR control (Burns and Wyss 1985; Cechetto and Saper 1990; Fisk and Wyss 1997; Oppenheimer et al. 1992; Owens and Verberne 2001; Ruggiero et al. 1987; Verberne 1996; Yasui et al. 1991) . Anatomically, the MPFC and HC have a large number of direct connections with subcortical structures (Verberne and Owens 1998) and have been linked in connectivity analyses of functional magnetic resonance imaging data in humans (Norton et al. 2013) . Thus the MPFC and HC form regions of interest for the current study.
Despite the mounting clinical evidence that vagal activity is an important predictor of cardiovascular prognosis in humans (Curtis and O'Keefe Jr. 2002) , data are limited regarding the impact of CAD on the brain-heart connection. Volitional isometric handgrip (IHG) contractions offer a unique opportunity to explore the cortical representation of autonomic cardiac control. More specifically, moderate-intensity IHG exercise of short duration produces a rapid tachycardia in young and healthy individuals (Mancia et al. 1978; Mark et al. 1985; Wong et al. 2007 ) and pharmacological evidence indicates that a decrease in parasympathetic dominance accounts for much of this rapid HR change (Fagraeus and Linnarsson 1976; Hollander and Bouman 1975; Mitchell et al. 1989) . In young individuals, the magnitude of this rapid increase in HR with IHG exercise is correlated with reduced activity within the MPFC (Gianaros et al. 2004; Wong et al. 2007 ) and the HC (Norton et al. 2013) . It follows that these regions are associated with cardiovagal control.
The purpose of this study was to test the hypothesis that CAD impairs HR responses to volitional handgrip and that such impairment is related to dysregulation of the cortical autonomic network associated with HR control, particularly emphasizing activity patterns within the MPFC and HC.
METHODS

Participants.
A total of 40 individuals participated in this study. Observations were made in 17 patients with coronary artery disease (CAD) and 23 similarly aged healthy control subjects (control). Anthropometric and baseline cardiovascular data for each group are provided in Table 1 . Control subjects were nonsmokers, free of any medications, and did not have diagnosed hypertension, vascular disease, or diabetes. CAD patients were recruited from the London Health Sciences Centre for Cardiac Rehabilitation and Secondary Prevention Program following recent diagnosis of one of the following: admission for acute coronary syndrome (ST elevation or non ST elevation myocardial infarction), angina, percutaneous coronary intervention, or coronary artery bypass graft. Thirteen of the patients were considered to be in functional Class I (as described by the New York Heart Association Functional Classification of heart failure), and four in functional Class II. Drug therapy included cholesterol-lowering statins (94%), beta-blockers (94%), ACE-inhibitors/angiotensin II receptor blockers (82%), calcium channel blockers (18%), diuretics (6%), and anti-platelets including aspirin (94%). Patients were excluded if they had uncontrolled hypertension or a history of diabetes for more than 5 years. Both CAD patients and controls were free of any neurological condition or disease. Each participant provided informed, written consent before participating in the study, which was approved by The University of Western Ontario Health Sciences Ethics Review Board and adhered to the Declaration of Helsinki.
Experimental design. Participants completed two separate experimental sessions: 1) physiological recording (LAB session) and 2) a functional magnetic resonance neuroimaging session (fMRI; Robarts Research Institute Centre for Functional and Metabolic Imaging). The sessions were performed at the same time of day and separated by a minimum period of 1 wk. Participants were familiarized with the experimental procedures prior to their first test session. Participants were instructed to arrive at the laboratory following a 12-h fast and to refrain from nicotine, alcohol, caffeine, and intense physical exertion for the same duration. Each session began with a maximal voluntary contraction (MVC) handgrip calibration, in which the participant was instructed to squeeze a nonmagnetic handgrip device connected in series to a pressure transducer (Edwards Lifesciences, PX272, Irvine CA) to their maximal ability while in the supine position. This was repeated twice with the larger value calibrated as 100%. Isometric handgrip (IHG) exercise was performed with the right hand in all subjects, regardless of handedness (n ϭ 37 right-handed). During each recording session, visual feedback was provided to the participant of their achieved force in real time. Baseline data were collected over 5 min of quiet supine rest. Four repeated bouts each of 30%, 40%, and 50% of MVC force (LAB session) and seven repeated bouts of IHG at 40% MVC force (fMRI session) were performed, with each contraction lasting 20 s and separated by 40 s of rest. The number of trials was increased in the fMRI session to increase the signal-to-noise ratio. The level of perceived exertion produced by the exercise was monitored after each trial on a scale from 6 to 20 (Borg 1982) .
Cardiorespiratory fitness test. Breath-by-breath measurements of oxygen consumption (V O 2 ), HR, and blood pressure (BP) were recorded throughout the test. Maximal oxygen consumption (V O 2 max ) is an established marker of cardiorespiratory fitness and a clinically accepted surrogate marker for left ventricular function (Fletcher et al. 2001) . Each subject's V O 2 max was estimated from a graded treadmill exercise test to volitional exhaustion under standard clinical observation (ACSM 1995) .
Physiological recording session. During the LAB session, HR was monitored by standard 3-lead electrocardiogram (ECG) techniques. Arterial BP was measured continuously from the finger of the nonexercising left hand, maintained at heart level, by photoplethysmography (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands). The BP readings recorded from the Finometer were corrected against sphygmomanometrically obtained systolic (SBP) and diastolic (DBP) pressures that were made intermittently during data collection.
Physiological data analysis. Analog signals were sampled at 1,000 Hz with an online data-acquisition and analysis system (PowerLab, ADInstruments, Mountain View, CA). HR was calculated from successive R-R intervals obtained from the ECG signal. BP from the Finometer was converted to mean arterial pressure (MAP) using the formula MAP ϭ 1/3 SBP ϩ 2/3 DBP. Beat-by-beat HR data were averaged over 2.5-s bins (the TR interval for functional scans) and time aligned to ensure a corresponding mean value for each functional scan obtained during the fMRI collection period. The HR response (⌬HR) to the IHG was determined by averaging the response over the last 10 s of each rest and IHG interval. HR responses for each participant were averaged over the four repeated blocks in the three separate trials (30%, 40%, and 50%). Values are means Ϯ SD. Control, healthy older controls; CAD, coronary artery disease patients; MAP, mean arterial pressure; MVC, maximal voluntary contraction (average of LAB ϩ fMRI sessions); HR, heart rate (beats/min); fMRI, neuroimaging session; LAB, physiological recording session; Stress test, voluntary maximal exertion. Borg rate of perceived exertion (RPE) scale: 6 -20. RPE ϭ 11, "light" exercise; 13, "somewhat hard." There was a main effect of group such that CAD patients had less of a HR response during all conditions than control. *Different from control (P Ͻ 0.05).
The effect of group and IHG intensity on HR response was assessed using a two-way mixed ANOVA with an alpha level of P Ͻ 0.05. Statistical analyses were performed using SigmaPlot (version 12.5, 2011) . The Shapiro-Wilk test for normal distribution, as well as the Holm-Sidak method for pairwise multiple comparisons, was used. All data are presented as means Ϯ SD.
Neuroimaging recording session. All imaging data were collected using a whole body 3-T imaging system (Magnetom Prisma, Siemens Medical Solutions, Erlangen, Germany) with a 32-channel head coil (Barberi et al. 2000) . A high-resolution T 1 -weighted structural volume was acquired with a 3D MPRAGE sequence at the beginning of the scanning session (sagittal, matrix 256 ϫ 240 mm, voxel resolution 1.0 ϫ 1.0 ϫ 1.0 mm, 1 mm slice thickness, no gap, flip angle 9°, TE ϭ 2.98 ms, TI ϭ 900 ms, TR ϭ 2.3 ms). Transmission and detection of the blood oxygen level-dependent (BOLD) contrast signal were acquired by T 2 -weighted gradient echo-echo planar imaging pulse sequence with the following parameters: TE ϭ 30 ms; FOV ϭ 240 ϫ 240 mm, flip angle ϭ 90°. Forty-five interleaved axial slices (3.0 ϫ 3.0 mm in-plane voxel resolution, TR ϭ 2.5 s) were acquired in each volume. Five volumes were acquired in the resting participant prior to actual data collection to allow for magnetization equilibrium; these were discarded prior to data analysis. Head movement was limited during the experimental session within a head cradle packed with foam padding, and each subject was instructed to avoid head movements during the scanning period. Beat-by-beat HR was calculated from the continuous signal derived from an MRI-compatible pulse oximeter (Nonin Medical, 8600FO MRI, Plymouth, MN) placed over the index finger of the nonexercising left hand. In each session, analog signals for pulse recordings and IHG contraction force were sampled at 1,000 Hz with an online data-acquisition and analysis system (PowerLab, ADInstruments, Mountain View, CA). Respiratory frequency was monitored continuously to prevent Valsalva maneuvers during the exercise period.
Neuroimaging data analysis. The HR response (⌬HR) to the handgrip was determined by averaging the response over the last 10 s of each rest and IHG interval. Individual HR time courses were determined using 2.5-s averages of the beat-by-beat HR measures to generate time-aligned data with the BOLD imaging acquisition. For both the ⌬HR and the HR time course, responses for each participant were averaged over the seven repeated blocks at 40% MVC.
All fMRI data were analyzed using Brain Voyager QX 2.8.2 (Brain Innovation, Maastricht, Netherlands) (Goebel et al. 2006) . At the first (individual) level, preprocessing included interscan slice acquisition time correction, linear trend removal, temporal high-pass filtering to remove low-frequency drifts, and rigid-body transformation of data to the first acquired image to correct for motion. Individual functional data were coregistered to their respective anatomical template, and subsequently transformed to Talairach space (Talairach and Tournoux 1988) . The change in BOLD signal over the exercise period was modeled with a boxcar function convolved with a canonical hemodynamic response function and regressed with the individual movement parameters generated during preprocessing. This resulted in subjectspecific contrast images containing whole brain information related to sites of both increased and decreased BOLD signal, relative to baseline, during the IHG task as a function of the task itself and the individual HR correlation. The General Linear Model was used to calculate the parameter estimates for all brain voxels (Friston et al. 1995) .
To make valid population inferences, a second-level, two-group, random effects (RFX) analysis was performed both in response to the task and the HR regression to assess the consistency of effects between individuals based on the variability of the first-level estimates across subjects. Subsequently, a subtraction analysis of the group mean parameter estimates was performed to assess significant differences between control and CAD groups. Corrections for multiple comparisons were made using the false discovery rate (P Ͻ 0.05), as well as cluster level threshold estimation (Hagler Jr. et al. 2006) , with 1,000 iterations of Monte Carlo simulation and a statistical threshold of P Ͻ 0.05 for the main task effects. Due to the abundance of neural activity, both corrections were performed sequentially, such that the final results represent only clusters Ͼ 10 voxels in size (unless otherwise specified). Based on earlier data in young individuals performing the same IHG protocol (Norton et al. 2013; Wong et al. 2007) , an a priori region-of-interest analysis was performed for relevant cortical autonomic network regions including the bilateral insular cortices (IC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), thalamus, medial prefrontal cortex (MPFC), and hippocampus (HC). All fMRI data are represented in radiological convention (i.e., subject's right appears on the left).
Probabilistic functional maps were created for each group to investigate the spatial consistency of activation patterns across subjects. These maps represent the relative number of subjects leading to significant task activity at each spatial location.
RESULTS
Physiological responses. The groups were not statistically different in age, mean arterial pressure, resting HR, or maximal handgrip strength (Table 1 ). The heart rate response (⌬HR) to the 40% MVC contraction was the same during the physiological (LAB) and neuroimaging (fMRI) session in both groups (Table 1 ). There was a significant effect of group (P ϭ 0.03) on ⌬HR across all IHG tasks (Fig. 1) . None of the participants reported feeling any significant degree of aversive emotional stress or forearm fatigue as indicated by the Borg scale outcomes (Table 1) (Borg 1982) . Further, the ⌬HR at maximal exertion (stress test) in control participants was greater than CAD patients (Table 1 , P Ͻ 0.001). All patients exercised to maximum effort (control 19 Ϯ 1, CAD 19 Ϯ 1 on 6 -20 Borg Scale), and the tests were not discontinued due to medical reasons (angina, ST depression, arrhythmia, or abnormal BP response). In addition, left ventricular ejection fraction (LVEF) was normal (Ն50%) in 11/17 patients, mild (35-49%) in 3/17 patients, moderate (20 -34%) in 2/17 patients, and severe (Ͻ20%) in one patient.
Functional ( Color scheme identified by scale at right. Red/warm colors denote regions of activation above baseline levels; blue/cold colors denote regions of deactivation below baseline levels (exact values given in beta graphs, Fig. 3 ). Note the absence of deactivation at the medial prefrontal cortex and hippocampus in both groups. TRA, transversal (axial); SAG, sagittal; COR, coronal; A, anterior; P, posterior. 23 control and 7/17 CAD, MPFC deactivation observed in 16/23 control and 12/17 CAD, and HC deactivation observed in 8/23 control and 8/17 CAD [P Ͻ 0.05, false discovery rate (FDR)].
Functional (BOLD) imaging data: first-level (individual) response correlated with heart rate. Bilateral IC activation was observed in 18/23 control subjects and 13/17 CAD patients, ACC deactivation was observed in 11/23 control and 5/17 CAD, PCC deactivation was observed in 5/23 control and 2/17 CAD, thalamus activation was observed in 16/23 control and 11/17 CAD, MPFC deactivation was observed in 16/23 control and 12/17 CAD, and HC deactivation was observed in 2/23 control and 2/17 CAD (P Ͻ 0.05, FDR).
Functional (BOLD) imaging data: second-level (group) response to 40% IHG task.
A priori region-of-interest analysis revealed common increases in BOLD signal in the primary motor cortex (precentral cortex), bilateral anterior IC and occipital lobe (Tables 2 and 3; Fig. 2 ). In addition, common deactivation was observed in the PCC (P Ͻ 0.05, FDR; Tables 2 and 3, Fig. 2 ). In control subjects, activation was observed in the ACC and thalamus, and deactivation was observed in the HC. No signal change was observed in the HC of the CAD group. No signal change was observed in the MPFC in either control or CAD patients at the group level.
Contrasting BOLD responses between control and CAD to 40% IHG task. Comparisons of activated regions between control and CAD during the 40% IHG task are shown in Fig.  3 . In subtraction analyses for CAD Ͼ control, greater activation (or less deactivation) was observed in the PCC and MPFC. The contrast CAD Ͻ control showed activation in the right anterior insula, bilateral precentral cortex, and occipital lobe (P Ͻ 0.05).
Functional (BOLD) imaging data: second-level (group) response correlated with heart rate. Extensive activation patterns were revealed in both control and CAD groups, but lacked significant deactivation in expected autonomic regions (Fig. 4) . Specifically, the bilateral IC and precentral gyrus were activated in both control and CAD groups while deactivation in the MPFC and HC was absent (FDR P Ͻ 0.05).
Contrasting BOLD responses between control and CAD correlated with heart rate. Comparisons of activated regions between control and CAD during the 40% IHG task correlated with the individual HR time courses are shown in Fig. 5 . In subtraction analyses for CAD Ͼ control, greater activation was observed in the perigenual anterior cingulate cortex. The contrast CAD Ͻ control demonstrated activation in the bilateral insula and posterior cingulate cortex (P Ͻ 0.05). Probability mapping. Probabilistic maps were created for control and CAD groups to provide a general means to evaluate the spatial consistency of task-specific brain activation across subjects. We plotted the cross-subject (control and CAD) overlap probability maps for 40% IHG at a range of 0 -100% (Fig. 6 ). Control subjects (yellow/orange) displayed greater anatomical consistency compared with CAD patients (blue) who showed much greater variability in activation responses (cluster threshold ϭ 15 voxels). Probability percent values (overlap) between control and CAD in expected CAN regions include the left anterior IC (8.43% overlap; x, y, z coordinates: Ϫ40, 14, 5), right anterior IC (11.02%; x, y, z coordinates: 34, 20, 9), PCC (0.08%; x, y, z coordinates: Ϫ8, Ϫ55, 14), precentral gyrus (31.97%; x, y, z coordinates: 34, Ϫ21, 52), and MPFC (2.81%; x, y, z coordinates: 4, 37, Ϫ3).
DISCUSSION
In contrast to healthy controls, the CAD patient group demonstrated diminished HR responses across all exercise workloads and high variance in activation patterns among regions of the cortical autonomic network. These cortical patterns appear to be consistent with the overall suppressed HR response despite the ability to perform the IHG task adequately. Therefore, the current data support the hypothesis that CAD alters the cortical circuitry associated with exercise, and patients exhibit accelerated age-related dysregulation of the brain-heart connection.
An initial important observation of the current study was the difference in HR responses to IHG between the current participants and those of younger individuals reported earlier from our laboratory (Goswami et al. 2012; Norton et al. 2013; Wong et al. 2007 ). This difference was statistically significant, as determined by an independent group's t-test that contrasted the present data with those published earlier. Specifically, young individuals (25 Ϯ 4 yr), compared with the current participants (61 Ϯ 10 yr), generate a much larger HR response (6 -15 beats/min) to a similar relative IHG tension (P Ͻ 0.0001). Mechanistically, this IHG protocol is designed to engage exercise-onset reflexive increases in HR that predominantly reflect reduced dominance of parasympathetic control (Fagraeus and Linnarsson 1976; Hollander and Bouman 1975; Mitchell et al. 1989) . Therefore, the smaller HR responses in control, and smaller yet in CAD, are likely a consequence of age-related impairment of parasympathetic outflow (Monahan et al. 2001; Seals et al. 1994 ) that is further negatively impacted by CAD (Eckberg et al. 1971; Gribbin et al. 1969) . Recently, our laboratory reported the cortical activation patterns and HR responses in healthy individuals ranging from 21-80 yr of age, with conclusions that age alone does not determine a smaller ⌬HR response (Norton et al. 2013 Fig. 4 . Cortical functional response correlated to individual heart rate time course during 40% IHG task in control (CTRL; top 3 images) and CAD (bottom 3 images). L, left; R, right; pACC, perigenual anterior cingulate cortex. T-statistics (beta values) at specified regions (circled) are represented as an average for each group. FDR, P Ͻ 0.05, corrected for multiple comparisons. Color scheme identified by scale at right. Red/warm colors denote regions of activation above baseline levels; blue/cold colors denote regions of deactivation below baseline levels (exact values given in beta graphs, Fig. 5 ). Note the absence of deactivation at the medial prefrontal cortex and hippocampus in both groups. several older adults still generated similar responses to young individuals. Thus interindividual variability in HR responses was augmented with increasing age. The current study further supports a depressed HR response overall, as well as enhanced variability in HR responses, as an effect of age (Fig. 1) .
A second observation of the current study was the marked and unexpected differences in brain activation patterns associated with both the IHG task and the HR response in both the control and CAD patients compared with previous studies from our laboratory performed by young and healthy individuals (Goswami et al. 2011; Norton et al. 2013; Wong et al. 2007) . Specifically, the current participants exhibited a large and widespread pattern of enhanced brain activation relative to baseline when correlated with both the IHG task and the HR response. This widespread activation pattern was different from the discrete pattern observed in young individuals specifically in regions related to autonomic control. Within this pattern of higher overall activation, however, there was a marked absence of deactivation within the MPFC and HC in the current participants (at least at the group level) which are consistently present in young healthy subjects (Goswami et al. 2011; Norton et al. 2013; Wong et al. 2007 ). Yet, group-level activation was observed in the bilateral insula, and deactivation was observed in the posterior cingulate cortex, observations that are consistent with previously published results in young subjects.
Although this apparent "overactivation" identified above is unique in the context of cardiovascular control, it has been reported earlier in the context of perceptual or cognitive tasks performed by aged individuals. The mechanism(s) of these patterns is yet unknown. They may reflect alterations in the coupling between regional blood flow and oxygen extraction. However, some hypothesize these patterns to reflect compensatory neural responses (Cabeza et al. 2004; Reuter-Lorenz 2002) where, in the aging brain, previously connected networks are disrupted such that alternative patterns emerge which must "work harder" to make up either for its own declining efficiency or for processing deficiencies elsewhere in the brain. The current observations appear to be the first to report a similar phenomenon related to volitional tasks such as IHG exercise. If this observation reflects neural compensation, the smaller response in CAD vs. control participants , and cold colors show areas where there is a negative difference with respect to group 1 (CAD Ͻ control). T-statistic (beta value) at specified regions (Talairach coordinates, circled) are represented as an average for each group and denoted by color scale at right; threshold ϭ 2. P Ͻ 0.05. Cluster threshold ϭ 10 voxels. Error bars represent SD.
becomes the third important observation of the current study (Fig. 4) . The degree of compensatory activation is thought to be related to a sense of effort required to perform the task (Reuter-Lorenz and Park 2010) . In this context, the smaller amount of compensation in CAD patients may reflect lower perceived effort required to perform the IHG. However, the similar Borg scores of perceived effort and identical absolute and relative workloads produced (MVC , Table 1 ) argue that the smaller brain activation patterns in CAD patients are not related to perceived effort. Previously, our laboratory reported accelerated age-related cortical atrophy in CAD patients (Anazodo et al. 2013) . Thus it may be that age-related compensatory responses to IHG are also related to accelerated brain atrophy and/or impaired local flow-metabolism coupling. The probability mapping analysis indicated that CAD patients exhibited greater regional variability in activation responses to the 40% IHG task than control. Probability percent values, which reflect overlapping patterns of activation between control and CAD participants, were highest in the primary motor cortex (31.97%), but significant variability existed in expected CAN regions such as the left anterior IC (8.43%), right anterior IC (11.02%), PCC (0.08%), and MPFC (2.81%). Thus it appears that brain regions required for motor activity are retained in CAD, but that those regions believed to be required for explicit autonomic homeostatic functions, such as the MPFC and HC, are dysregulated more in CAD patients.
A notable outcome of the current study was the absence of deactivation associated with the HR response to IHG in the MPFC and hippocampus (HC), in both control and CAD patients when studied at the group level (Fig. 4) . The MPFC region was of particular interest in the present study as it has been associated with cardiovagal control across many stimuli that elicit cardiovascular arousal (Critchley et al. 2000; Gianaros et al. 2004; Kimmerly et al. 2005; Matthews et al. 2004; Norton et al. 2013; Resstel et al. 2004; Thayer et al. 2009; Williamson et al. 2003) . Previous studies have further suggested that the MPFC is involved in the processes of integrating sensory information during the resting default state and its activity is hence attenuated during goal-directed behaviors (Raichle et al. 2001 ). This interpretation is consistent with repeated observations of decreased MPFC activation, relative to baseline, during volitional IHG (Goswami et al. 2011; Norton et al. 2013; Wong et al. 2007 ). Despite high interindividual variability, the MPFC factored importantly into the subtraction analyses when correlated with the task alone (Fig.  3 ) illustrating that control subjects had more deactivation (or less activation) than CAD in response to the exercise task. indicated that 16/23 control and 12/17 CAD patients exhibited a reduction in MPFC activation relative to baseline during the IHG period. However, the number of participants who demonstrated a reduction in MPFC activation and produced a HR response of Ն3 beats/min to IHG was 9/23 (39%) in control and 3/17 (18%) in CAD. Thus the interindividual variability minimized group-level statistical power in both the specified MPFC regional activation and in the HR response to IHG and, consequently, reflects the reduced brain activation evident in the subtraction analysis in control subjects. The variability in brain deactivation patterns outlined above seems to exert a dominant impact on the current results. The high cortical variability in these groups is clear in Fig. 7 , which illustrates that both groups had a lack of consistent MPFC deactivation in response to the IHG task, with some subjects having activation in expected autonomic regions and many individuals having no response at all. In earlier studies from our laboratory, and reports from several other laboratories (Critchley et al. 2000; Gianaros et al. 2004) , HR variations in young, healthy subjects most strongly correlate inversely with deactivation within the HC and MPFC. Moreover, HR-associated effective connectivity exists between the MPFC and HC in healthy individuals promoting a much larger HR response when both regions are deactivated in concert rather than each region alone (Norton et al. 2013) . However, HR responses in the current study were much smaller suggesting an effective consequence of cortical "decoupling." For example, a small HR response was observed in some individuals who did not express deactivation within the MPFC or HC. This pattern was dominated by control subjects (9/12). To our knowledge, no data exist to address this critical component of changes in cardiovascular control that emerge in aging and diseased individuals.
Study limitations. All CAD patients were on a combination of drug therapies including cholesterol-lowering statins, betablockade, angiotensin-converting enzyme (ACE) inhibitors/ angiotensin II receptor blockers, calcium channel blockers, diuretics, and anti-platelets including aspirin. ACE-inhibitors and angiotensin II receptor blockers affect vasomotor control but exert minimal effect on cardiac function and should not have impacted the current results. Beta-blockers can reduce baseline HR and interfere with sympathetically driven changes in HR. However, these effects are largely seen at maximal workloads, which is supported by our data (stress test data, Table 1 ) and are not expected to affect HR responses to the 40% IHG task where vagal control dominates below 100 beats/min (Rowell 1993) . Furthermore, the heart rate response to the 40% IHG was not different between groups suggesting that beta-blockade did not influence HR responses at the level of the heart. Finally, as outlined above, CAD patients were capable of mounting a significant HR response during the cardiorespiratory fitness test indicating that the heart's ability to respond to volitional effortful tasks was not altered by the medication.
Conclusions. Overall, the current results indicate that relative to similarly aged, and apparently healthy, individuals, vascular disease impairs functional outcomes in the brain in response to moderate-intensity IHG. In particular, the enhanced variability of cortical responses and diminished total cortical activation patterns in CAD are consistent with an overall lower HR response, promoting the hypothesis that CAD patients appear to exhibit dysregulation of the brain-heart connection.
